Thermal conductivity and specific heat of conducting polyaniline nanofibers are measured to identify the nature of heat carrying modes combined with their inhomogeneous structure. The low temperature thermal conductivity results reveal crystalline nature while the high temperature data confirm the amorphous nature of the material suggesting heterogeneous model for conducting polyaniline. Extended acoustic phonons dominate the low temperature (<100 K) heat conduction, while localized optical phonons hopping, assisted by the extended acoustic modes, account for the high temperature (>100 K) heat conduction. The attractive electronic and optoelectronic properties arise from the extended p-electron conjugation along the polymer backbone. The electronic properties of these polymers can be tuned effectively by doping to suit the desirable applications. The electronic transport properties are primarily affected by the disorder present in the system which practically governs the charge transport. The disorder can be traced to such factors as partial crystallinity, inhomogeneous doping, and the process of synthesis. Increasing doping reduces the disorder in CPs and introduces some crystallinity thereby increasing the electrical conductivity in these otherwise amorphous and disordered materials. The charge carriers introduced as a result of doping are predominantly localized in the amorphous regions and those in the crystalline regions have three dimensionally extended wave functions. 4 Thus, doping causes the creation of highly conducting crystalline regions separated by amorphous, insulating barriers.
Thermal conductivity and specific heat of conducting polyaniline nanofibers are measured to identify the nature of heat carrying modes combined with their inhomogeneous structure. The low temperature thermal conductivity results reveal crystalline nature while the high temperature data confirm the amorphous nature of the material suggesting heterogeneous model for conducting polyaniline. Extended acoustic phonons dominate the low temperature (<100 K) heat conduction, while localized optical phonons hopping, assisted by the extended acoustic modes, account for the high temperature (>100 K) heat conduction. Conducting polymers (CPs) are widely used in many electronic and optoelectronic devices, such as organic light emitting diodes (OLEDs), 1 organic solar cells, 2 field effect transistors (FETs), 3 etc. The attractive electronic and optoelectronic properties arise from the extended p-electron conjugation along the polymer backbone. The electronic properties of these polymers can be tuned effectively by doping to suit the desirable applications. The electronic transport properties are primarily affected by the disorder present in the system which practically governs the charge transport. The disorder can be traced to such factors as partial crystallinity, inhomogeneous doping, and the process of synthesis. Increasing doping reduces the disorder in CPs and introduces some crystallinity thereby increasing the electrical conductivity in these otherwise amorphous and disordered materials. The charge carriers introduced as a result of doping are predominantly localized in the amorphous regions and those in the crystalline regions have three dimensionally extended wave functions. 4 Thus, doping causes the creation of highly conducting crystalline regions separated by amorphous, insulating barriers. 5 Thermal conductivity studies of conducting polymers are important both from the fundamental and application point of view. It is of utmost curiosity to know the nature of heat conduction in these highly disordered systems which has interspersed crystalline and amorphous regions exhibiting the electrical behavior of metals and insulators, respectively. The charge carriers being polarons which are actually "electrons dressed up in phonons;" it is indeed intriguing to identify the type and nature of heat carriers in these polymeric systems. Besides the basic knowledge of heat transport, various practical applications of these materials benefit from the understanding of heat conduction that can address issues concerning thermal management. However, studies relating to thermal conduction in CPs particularly as a function of temperature in a wide temperature range are limited and require a lot of attention.
In this work, we have studied the thermal conductivity and specific heat of doped polyaniline (PANI) nanofibers as a function of temperature. Over the past three decades, PANI has been an extensively studied CP owing to its high electrical conductivity and consequent possible applications. Recently, functionalized CP nanomaterials have been receiving great attention in nanoscience and nanotechnology as they provide opportunities to develop new and efficient materials. CP nanostructures not only retain the unique properties of conjugated polymers but also have the characteristics of nanomaterials (e.g., large surface area, size and quantum effect) which further increase the merit of CPs in designing and making novel nanodevices. 6, 7 More recently, it has become evident that disorder and nanocrystalline structures are critical to the transport properties of CPs. 8, 9 Although there are some reports on the experimental determination of thermal conductivity of polyaniline 10 and polyacetylene, 11 the temperature dependence of thermal conductivity for CPs even in the bulk form has not yet been investigated in detail. We have prepared three batches of PANI nanofiber samples with different doping levels of hydrochloric acid (HCl). The thermal conductivity (j) curves exhibit a low-T peak at around $25 K analogous to that of crystalline materials while at high temperature, j increases almost monotonically with T signifying amorphicity of the system. PANI nanofibers were synthesized by the interfacial polymerization technique 12 from aniline monomers where ammonium persulphate (APS) was used as an oxidant. Three batches of samples doped with different levels of HCl were prepared, and designated as C1, C2, and C3 for 0.02, 0.04, and 0.06 molar concentration of HCl, respectively. The details of sample synthesis and characterization are published elsewhere. 13 The thermal conductivity measurements were carried out in a closed-cycle refrigerator, using a direct heat-pulse technique. The pelletized samples were cut into rectangular parallelepiped shape with one end of the sample glued (with thermal epoxy) to a copper block that served as a heat sink, while a calibrated chip resistor as a heat source glued to the other end. The temperature difference was measured by using an E-type differential thermocouple with junctions thermally attached to two well-separated positions along the sample. The stray thermal emfs were eliminated by a)
Authors to whom correspondence should be addressed. applying long current pulses ($100 s) to the chip resistor, where the pulses appear in an off-on-off sequence. The temperature difference was controlled to be less than 1 K to minimize the heat loss through radiation, and the sample space was maintained in a good vacuum (approximately 10 À4 Torr) during measurements. All experiments were performed while warming with a rate slower than 20 K/h. The specific heat was determined by measuring a powder sample of about 100 mg using a commercial differential scanning calorimetry (SETARAM, DSC-131) with a precision better than 10%. The average diameter of our nanofibers was about 7.5 nm and the lengths varied from a few nm to hundreds of nm. The X-ray patterns showed significant crystallinity with the characteristic peaks of PANI at 2h ¼ 20 and 25 intact. Fig. 1 shows the temperature dependence of thermal conductivity (j) for all the nanofibers. As seen in the figure, at low temperature, j(T) increases with rising temperature and reaches a peak at around 30 K. This feature is commonly observed in crystalline solids, and the maximum occurs at a temperature where the phonon mean free path is approximately equal to the crystal site distance, ascribed to the generalized Umklapp process as will be discussed in detail later. At higher temperature above 100 K, j(T) increases continuously up to the temperature range of measurement, i.e., up to 300 K. With increasing HCl concentration the peak in j(T) is suppressed, however, a close observation reveals that the position of peak in temperature increases from 24 to 30 K (inset, Fig. 1 ). Usually, the measured thermal conductivity is assumed to be contributed by electronic part (j e ) and phonon part (j ph ). The electronic contribution can be estimated from Wiedemann-Franz law which is valid for both metals and semi-metals
where r is the electrical conductivity, T is the temperature, and L is the Lorentz number with a value of 2.45 Â 10
. Following Eq. (1), we have calculated the j e (T) for all the samples while taking the r(T) from our previously published results. 13 As illustrated in Fig. 2 , the calculated j e (T) for these CPs is extremely small on the order of 10 À6 W/m K at 300 K. From this estimation, we clearly demonstrate that the total thermal conductivity is mainly due to lattice phonons rather than the charge carriers in the present system. However, this is very likely that in the disordered systems of present type, the phonons assist the charge carriers for the electrical transport; 14 hence also participate in the process of heat conduction. Fig. 3 displays the temperature dependence of phonon contribution to the thermal conductivity (j ph ) which is obtained by subtracting the j e from the measured j. It is noticed that the basic feature of low temperature peak observed in Fig. 1 remains intact, implying that the peak arises mainly due to phonon contribution. Usually, the low temperature peak in j is a characteristic feature of phonon- only heat conductivity j ph of crystalline materials 15 which arises due to competition between phonon-boundary scattering and Umklapp phonon-phonon scattering. To be specific, at very low T, when the thermal energy is not sufficient to excite the phonons, the phonon mean free path is mainly determined by the dimensions of the sample, and j remains temperature independent. However, as temperature increases, the number of phonon increases which results in an increase of j ph . With further increase of temperature, the mean-free path of phonons depends on temperature as the three phonon collision Umklapp processes rise exponentially. The Umklapp processes overcompensate the rising phonon population and thus j ph decreases with further increasing T. While the peak temperature depends on the concentration and type of defects, it is predicted by Grimvall 16 that the peak temperature is about one tenth of h D , where h D is the Debye temperature. From our data in Fig. 3 , we have roughly estimated the h D of present nanofibers to be about 240 K, 270 K, and 300 K for C1, C2, and C3 samples, respectively. The estimated h D values are in fact close to $218 K reported for PANI nanotubes. 17 The doping level dependence does not give any noteworthy information except that with increasing doping the peak value decreases and shifts slightly towards higher temperatures. However, we speculate that the decrease in j ph might be due to the enhancement in disorder due to increasing doping level. However, detailed studies on different systems with a wide variation of doping levels and different dopants are required to draw a plausible conclusion. Now we look into the temperature dependence of j ph . According to Debye model, the phonon mediated thermal conductivity follows T 3 dependence in the low-T limit. However, we have found a much weaker temperature dependence. For instance, below the peak, our data show j ph / T n , where the exponent n ¼ 0.44, 0.40, and 0.48 for C1, C2, and C3 samples, respectively. Such a weak temperature dependence of j ph is rather intriguing. Similar deviation from T 3 behavior has been previously observed in low dimensional systems, such as silicon nanowires. 18 This result implies that this unconventional behavior of j ph (T) is related to the finite size effect of these nanosystems. In present scenario, the effect of finite size is realized in confinement of phonons, which modifies phonon dispersion relation leading to reduction in phonon group velocity, 19, 20 which will certainly influence the heat transport which can explain the observed j ph (T) behavior in these nanofibers. We would like to mention that the thermal transport is not thoroughly investigated yet in low dimensional CPs. Hence, more similar experimental studies on different CPs are needed for thorough comprehension of heat transport behavior in these systems.
As passing over the peak in j ph , the number of high energy phonons necessary for Umklapp processes decays exponentially as exp(Àh D /bT), j ph is also expected to decrease in a similar fashion. Moreover, in this regime, the mean free path also exhibits an exponential decrease with temperature. Indeed, we have obtained an exponential decrease of j ph as observed in Fig. 3 . At further higher temperature before the dip in j ph , the anharmonic scattering mechanism due to phonon-phonon scattering dominates and j ph is expected to vary as T À1 . However, for the present system the T-dependence of j ph varies as $T À0:5 instead of T À1 as shown in Fig. 3 . The deviation from T À1 dependence ($T À0:5 ) of j ph can be attributed to the inherent disorder present in the CPs as T À1 dependence of j ph is a characteristic of low-defect bulk crystal related to the anharmonic Umklapp phonon-phonon scattering. 21 The behavior of j ph (T) above 100 K where j ph increases quasilinearly with temperature is interesting. Linear fit to the experimental data in this regime yields a temperature dependence of $T 0:5 for all the samples as shown in Fig. 4 . It is to be noted that the j ph is in general approaching a constant value at high T for crystalline materials. However, in case of quasicrystals or amorphous solids, such as metallic glasses, a linear increase in k ph (T) at high T has been usually observed. 22, 23 The linear temperature dependence in glasses has long been investigated theoretically and experimentally assigning it to the hopping behavior of strongly localized modes via anharmonic interactions with the delocalized phonons. [24] [25] [26] It was proposed by Bottger et al. 27 that the significant heat carriers are the high frequency optical phonons localized by disorder, which are coupled by low frequency delocalized or extended acoustic phonons. Thus, the linear behavior of j ph (T) in Fig. 4 suggests that the thermally activated hopping (TAH) of localized phonons is strongly analogous to that of Mott's variable range hopping of charge carriers among localized states in disordered systems. 28 Following this motivation, we have analyzed the hopping contribution of localized phonons using TAH model initially developed by Alexander et al. 29, 30 where the localized lattice vibrations are considered to be fractons. Yet, the fractal nature of the localized phonons not being evident, later various models have been developed considering Euclidean nature of the localized modes. 31 The TAH model assumes that the phonon spectrum contains low-energy extended phonons and high-energy localized phonons separated by a minimum characteristic frequency x c called the phonon mobility edge. Anharmonic coupling with extended phonons is also a prerequisite for this model. As a localized phonon hops from one state to another favorable state, the extended phonons act as a facilitator mode to attain the   FIG. 4 . High temperature (>100 K) contribution of the phonon thermal conductivity (j ph ) exhibiting quasilinear T-dependence. conservation of energy and hence contribute to the heat conduction. The characteristic length n c corresponding to the crossover frequency is approximated as 2pv s /x c . Phonons of wavelength less than this characteristic length scale are localized. 24 In case of silicate glasses, the x c has been determined from the position of the "boson peak" in the Raman spectrum, 32 however, the appearance of boson peak is ruled out for polyaniline. 33 Moreover, due to insufficient knowledge of the phonon dispersion spectrum in CPs, here we consider the characteristic length n c to be the lowest possible wavelength (k) of acoustic phonons as found in the literature for polyacetylene which is $48 Å . 34 Taking the average speed of sound in CPs, v s ¼ 1.5 Â 10 4 m/s, 35 x c is calculated to be 1.96 Â 10 13 s
À1
. It is interesting that this value is pretty close to that observed for silicate glasses $1.4 Â 10 13 s
. 24, 36 So far our analysis implies that the peak observed in j ph at low T reflects the crystalline nature of the present PANI system, while the quasilinear part above 100 K reflects the amorphous nature of the material. These observations have led us to conclude that the present system consists of crystalline regions separated by the amorphous regions, i.e., the proposed heterogeneous model 37 is very much valid in present nanofibers. Furthermore, we have attempted to theoretically understand the validity of hopping mechanism at higher temperatures. The thermal conductivity arising from the hopping of localized phonons is given by 38 j hop ðTÞ ¼ 3ð2
where C eff is the third-order anharmonic coupling constant, G is a constant of order unity, q is the mass density, v s is the velocity of sound, l is the localization length of a phonon, and n M 3 is the volume of finding a localized phonon (the length scale is taken to be the crossover length n c ). Now assuming that in present samples, the thermal conduction at higher temperature occurs through hopping of localized phonon, we have estimated C eff from the slope of j ph (T) in Fig.  4 . The obtained C eff is about 2 Â 10 17 erg/cm 3 with q ¼ 1.33 g/cm 3 for PANI 39 and the n M % l, the mediumrange length scale. 40 The obtained value of C eff is about 3-4 orders greater than that observed for glasses. 24, 38 Fig . 5 depicts the temperature dependence of specific heat at constant pressure (C P ) of PANI nanofibers at high temperature above 150 K where j ph (T) exhibits a linear increase. Though C P increases continuously with temperature, above around 200 K the rate of increase decreases significantly where C P values are similar for all the samples. It should be noted here that the low-T specific heat data are not available at present due to the low thermal conductivity and/or thermal diffusivity of these samples. Similar to j, C P is also mainly contributed by electronic part and phonon part. 15 Therefore, from our previously observed thermal conductivity data, it can be safely assumed that phonons have major contribution to the specific heat. In fact, Long et al. also ruled out the electronic contribution to the C P for PANI nanotubes. 17 The specific heat contribution in this temperature regime comes from the localized harmonic vibrational modes. The localized phonons will result in an Einstein-type vibration, i.e., localized harmonic oscillation with a specific frequency. 41 Considering optical phonon frequency in CPs to be $3.6 Â 10 13 s
, 42 the Einstein temperature h E (¼ hx/2pk B ) is found to be $275 K. Thus, it can be concluded that the high temperature (> 150 K) vibration modes (i.e., optical phonons) are presumably Einstein-type.
In summary, based on the thermal conductivity studies of PANI nanofibers, we have validated the heterogeneous disorder model for conjugated polymers. The lower temperature thermal conductivity exhibits a peak reflecting the crystallinity while in the high temperature part, thermally activated hopping of localized optical phonons confirm the amorphous nature of the material. In the ordered (crystalline) regions, extended acoustic phonons conduct heat, whereas in the disordered (amorphous) regions, heat is carried by the hopping of optical phonons via anharmonic coupling with the acoustic phonons. 
